Abstract-The paper develops an integrated technology-push and market-pull framework, a value chain model for crossing the valley of death (VOD-the gap between laboratory and market) for emerging technologies based on primary and secondary data analyses, and a survey conducted on European research and development projects. The study uses a case of micro-and nanomanufacturing technology (MNT), and confirms the existence of the VOD through the survey data analysis. A mixed-methods approach was adopted that investigated the business and technical challenges to the commercialization of MNT. A notable finding is that the emerging MNT often does not have a direct link with market demand, and the result suggests that an intermediary role between advanced technology and market demand should be integrated to act as a co-ordinator for overcoming the VOD. The paper also examines how an intermediary is crucial to escape the VOD within the value chain of the interdependent relationships between actors.
I. INTRODUCTION
N OWADAYS, manufacturing is recognized as an important driver of a nation's wealth. There is a strong emphasis on obtaining more innovation from research, and cooperation between the worlds of science and business, within the European Union [1] , which supports the need to investigate the typical "technology-push" nature of science and "market-pull" nature of business, and to develop an integrated technology-push and market-pull framework, for crossing the valley of death (VOD) in emerging technologies, such as manufacturing technology (MNT). There are two dominant factors affecting manufacturing industry: the relentless pace of technological development and globalization. To survive in such a competitive environment, it is important to focus on the development and exploitation of key emerging technologies and on the development of "innovation platforms," where the integration of a range of technologies and the better co-ordination of policy and procurement will result in a step change in performance. To some extent, technology is a means by which manufacturing firms can strive to ensure economic sustainability and competitiveness in this difficult and uncertain environment. On the other hand, the rapid rate of technological change and associated shorter product life cycles are part of the challenge [2] . The economics of technological innovation have been one of the central issues in technology management. The literature commonly talks about sustaining technologies and disruptive technologies [3] , [4] , with particular emphasis on consumer products [5] , [6] . "Sustaining" technologies typically support current manufacturing practices and product performance, and are evolutionary or incremental in their development. In contrast, disruptive technologies typically do not support traditional firm-based manufacturing practices. In addition, disruptive technologies generate products with different performance attributes that require early-adopters to significantly change their behavior to use the innovation [7] . Manufacturing industry must innovate in those high-tech activities that offer added-value, rather than on improving existing technologies and products [8] . It seems quite clear, therefore, that small-scale technologies are very capable of meeting these requisites. The emerging micro-and MNT is one example of disruptive and small-scale technologies. For the purpose of this paper, MNT refers to a wide range of technologies used to fabricate structures at the micro-and nanoscale, such as structuring processes, biological components, and products using nanoparticles or more complex systems, such as lab-on chip devices. Thus, MNT comprises a wide range of approaches that are quite heterogeneous, with regards to their subjects of investigation, possible applications, and imaginable periods of realization. Studies highlighting MNT as a disruptive technology and the importance of developing MNT innovation models have been carried out by, e.g., Kautt et al. [9] , Romig Jr. et al. [10] , and all the references therein.
Technologies for micro-and nano-multimaterial processing, including three-dimensional structuring technologies, are becoming more and more important for innovative applications, in practically all manufacturing sectors, since they enable flexible and cost-efficient manufacturing of multifunctional products made of different materials [11] , [12] . In addition to functional integration, MNT introduces significant improvements in product manufacturing techniques, all of which can dramatically disrupt the way a new, innovative product should be designed. However, such multifunctional integration requires multidisciplinary expertise, and the use of complex process-chains, which 0018-9391 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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utilize the capabilities of a large number of new technologies. The disparate nature of expertise and high capital investment required to use these technologies, coupled with the rapid advance in capabilities, makes it difficult for product designers to keep abreast of what can be achieved. As such, it is hypothesized that product innovation based on MNT is likely to be hindered, thus not realizing its full potential. Rapid advances in MNT have created a dilemma for organizations as to whether they should, and how they might, implement these technologies successfully. These technologies do not have a proven path from scientific discovery to mass production and therefore require novel approaches for crossing the VOD [13] - [16] . The underlying motivation and driving forces behind the innovation of such emerging technologies are described by the concepts of technology-push and market-pull [17] - [22] . A fuller understanding of this area is required to bridge the gap between the laboratory and the market (VOD) and so ensure the successful commercialization of MNT-based products.
A thorough review of the literature on technology-push and market-pull was essential in order to understand how MNT relates to technology-push and market-pull. A systematic literature review process was used for this, which provides some key classifications on how the technology-push and market-pull theories have been used to examine technological innovation processes. More importantly, the review serves as the basis of our proposition for extending the concepts further, and to develop an integrated framework in the context of emerging and disruptive technologies, such as MNT. The results of the review clearly suggest that the traditional framework is too simplistic and leads to a tendency to treat the concepts of technologypush and market-pull as two extreme elements, supporting our motivation to extend the framework. Based on primary and secondary data analyses and the responses to a survey performed on 88 European research and development projects of the multimaterial micromanufacture (4M) community in Europe, an integrated technology-push and market-pull framework was introduced to address the following research question: How do intermediaries facilitate crossing the VOD, for emerging technologies such as MNT? To accomplish our research objective, a value chain model is also developed, for the case of MNT, to validate the framework and to show how the intermediaries help to get through VOD, while combining push and pull strategies.
It is important to recall that disruptive or radical technological change is a function of the capacity to turn science-based inventions into commercially viable innovations. Research and experience show that one of the well-known roadblocks in the innovation process [14] , [23] is the so-called VOD, which describes how R&D projects, originating from basic scientific research, fail to reach commercialization/application. The notion of a "VOD" is so pervasive in industry that the term appears somewhat matter-of-factly in engineering and manufacturing literature [13] - [16] , as many new products simply disappear in the product development VOD, partly due to manufacturing costs, and limited product development budgets, coordination problems, and an inability to secure funding in order to progress to the next level of innovation.
This study makes two important contributions. First, it contributes to technology-push and market-pull literature by introducing an integrated technology-push and market-pull framework, where the intermediary role lies between the technology-push and market-pull inherent in the traditional framework. The existence of VOD, in the MNT innovation process, is confirmed in our survey, which supports our proposition of including the intermediaries in the technology-push and market-pull dynamic. Second, this study improves our understanding of the relationship between the role of intermediaries and the VOD, where the intermediaries were able to improve the speed and quality of the technology transfer under development. We show how intermediaries leverage interorganizational collaboration ("value chain") and remove the barriers in the context of MNT commercialization. This also suggests that the intermediary role is crucial to escape from the VOD, turning technologies into full commercial and business successes. To support and validate the importance of the intermediary role in the integrated framework, a practical example of innovation value chain/network, in the context of MNT, is also included in the study.
The paper proceeds as follows. Section II presents a theoretical framework outlining a systematic literature review and the underlying motivation and driving forces behind the technologypush and market-pull dynamic. We also review the literature on intermediaries and the value chain. Section III presents our methodological approach and research design. The empirical findings of intermediary actors and how they facilitate crossing the VOD are outlined in Section IV. The innovation value chain, in the context of MNT, is also presented in this section. Finally, Section V presents discussions and concluding remarks with a note on future research directions.
II. THEORETICAL BACKGROUND AND LITERATURE REVIEW
In order to facilitate a consistent approach to reviewing the literature in the area of technology-push and market-pull, we introduced the structured systematic review method. Such reviews were developed by Cochrane in the late 1970s [24] . They differ from standard literature reviews, because they adopt a structured approach to the comparison of studies, instead of simple narratives, which can be biased. A key advantage of systematic reviews is that research work is pooled from a number of sources, and, as such, is more powerful than single data sets. To begin with, the key electronic databases for the subject area were identified using Metalib (Metalib is a meta-search engine that searches across a wide range of electronic databases simultaneously). This search highlighted databases with the largest datasets, which referred to peer-reviewed journal articles. Those selected were ABI/INFORM (Proquest), Business Source Premier (EBSCO), Scopus and Emerald Library. These electronic references were all accessed via Metalib. Initial pilot searches were conducted using each database and a number of initial search terms. The relevance of the articles returned was determined by scanning the abstracts. If the search was still identifying too wide a sample, then additional search terms were used, along with limiting strings. To increase the quality of articles returned, the search was restricted to scholarly journals, and peer-reviewed articles only. Furthermore, the range was 1995 to the present, reflecting the novelty of this area and a wish to keep the work up-to-date.
Considering the above-mentioned systematic review, this section makes a synthesis of the literature, in order to build a common understanding of technology-push and market-pull strategies. The concepts were introduced by Schoen in 1967 [19] , as the underlying motivation and driving forces behind the innovation of a new technology. Technology-push can be described as creative and/or destructive, with new or major improvements, while market-pull is a replacement, or substitute [25] . In the first stage of the Marquis model [7] , called "idea recognition," the source of innovation is deemed to come either from the recognition of technological feasibility, that is a "technologypush," or from the recognition of potential demand, known as "market-pull." Another view comes from Abernathy and Utterback [26] , stating that radical product and process innovation (technology-push) is subsequently followed by incremental innovations (market-pull). This is in accordance with Pavitt [27] , who states that technology is particularly relevant for the early stages of the product life cycle and market factors, especially for their further diffusion.
It has already been recognized that demand side factors and technology side factors jointly determine a company's R&D success [28] and, therefore, successful products and services rely on the targeted combination of market-pull and technologypush activities [29] , since the integration of push-pull factors generally contributes to more innovation in a company [29] . In fact, it is claimed that the technology-push and the marketpull factors are the primary drivers of technological innovation [21] , [30] , [31] . The technology-push concept is based on the view that a new scientific discovery will trigger innovations ending with commercialization of a new technology or product. The technology-push concept argues that the users' needs have a relatively minor role in determining the pace and direction of technological innovation. On the other hand, the marketpull concept is based on the view that users' needs are the key drivers of innovation, thereby suggesting that companies should pay more attention to the needs of users [21] . Such a clear-cut differentiation is hard to justify in practice, but remains useful for the sake of this discussion.
In the literature, there are many studies examining the two factors from different perspectives. Rothwell [32] considers technology-push and market-pull as one of the models in the innovation process. He argued that the first generation innovation process was dominated by technology-push, based on the assumption that more research and development (R&D) will result in more successful new products. This innovation process occurred during the 1950s to mid-1960s. But, toward the second half of the 1960s, companies started putting greater emphasis on marketing, as market competition increased. The second generation, or market-pull, model of the innovation process was introduced. According to this model, the market was the main driver for directing R&D. It was realized that one of the main risks inherent in the market-pull model was that it could lead companies to neglect long-term R&D strategies and become locked into a regime of technological incrementalism. As a result, the danger was a loss of capacity to adapt to radical technological changes.
However, empirical studies on successful innovation indicated that the technology-push and market-pull models were extreme and atypical. This led to the generation of the "interactive" or "coupling" model of innovation [32] . The model represents the confluence of technological capabilities and market needs. In a similar view, Walsh et al. [25] proposed a disruptive technology innovation model that integrates the technology-push and market-pull theories, and the differentiation between discontinuous or disruptive, and continuous or sustaining, innovations ("continuous" being used as an alternative term for "incremental"). The model displays four technology/market strategy typologies, two for each technology category and market strategy. Kassicieh et al. [33] differentiate between the commercialization activities of disruptive and sustaining (i.e., continuous) technologies. They found that pursuing the commercialization of sustaining technologies seemed to be focused more on revenue generation and market potential, whereas firms working with disruptive technologies seem to understand the need to develop the supporting infrastructure to create new products. The authors, however, did not explicitly discuss the extent to which those commercialization activities are influenced by market-pull and technology-push factors.
Although there have been extensive studies in the literature discussing such concepts, our systematic literature review highlighted a gap in the literature, suggesting that there is still a need to enhance the concept, particularly when the primary concern is the better understanding of the factors enabling the successful take up and exploitation of emerging and disruptive technologies, such as MNT. An important observation from the literature-highlighting another gap-indicates that most studies consider the technology-push and market-pull theory as the primary drivers of innovation, without making a clear distinction between the types of innovation involved.
Nemet [34] followed a line of inquiry that is similar to ours, in the sense that he questioned the notion of technology-push and demand-pull, when applied to nonincremental technical change. The author, however, emphasizes only demand-pull factors, and considers more specific environments-where demand is largely attributable to actions by governments-as intermediary. In the technology-push approach, the government's goal is to increase the availability of new knowledge, while in demandpull, the goal is to increase the size of markets for commercialized knowledge. Examples of technology-push policies include: public R&D funding, R&D tax credits, subsidizing education, and supporting knowledge networks. Examples of demand-pull include: intellectual property rights, pricing externalities, subsidizing demand, government procurement, and technology standards. Furthermore, where advanced high technologies, such as MNT, are concerned, technological policy interventions are developed at the national level.
This research identified a number of intermediaries and interviewed them to understand how they contribute and position themselves vis-a-vis the technology-push and market-pull models. Intermediaries possess resources and competencies to conduct technology commercialization and provide technology providers with the opportunity to concentrate on their explorative strengths [35] . Intermediaries play a crucial role, as they help to ensure that technologies can be matched to an industrial firm for exploitation, reduce transaction costs [36] , and may therefore contribute to increasing the operational effectiveness of the market for technology [37] . In technology markets, intermediaries are seen as integrated research institutions providing tools, methods, and services that foster knowledge transfer, thus strengthening the innovation process. On the other hand, the key to achieving superior R&D productivity and speed of innovation and production of top quality products is through technology integration. As MNT research is a more process-driven approach, technology integration is becoming much more important in the sector. An effective MNT technology integration process may start in the earliest phases of an R&D project, and provides a road map for later stages of product development. So, gaining and sustaining a competitive advantage in an increasingly complex production system requires that a company understands the entire value chain, not just the portion of it in which it participates [38] . In summary, a systematic review of recent technology-push and market-pull literature highlighted the following.
1) It appears that there are strong interdependencies between technology-push and market-pull models. At the same time, there appears to be a research gap to understand how these approaches are used, to manage the product and process life cycle for MNT, and to develop a tailored framework for such emerging technology. 2) Uncertainty is a common factor, referred to when managing the development of new technology paradigms [31] , since adoption depends on its successful diffusion. 3) A simple overall push-pull approach appears inadequate.
Our literature review highlighted a gap for a contemporary integrated technology-push and market-pull model. Such a model would be used to understand the adoption of emerging MNT.
III. RESEARCH DESIGN AND AN INTEGRATED TECHNOLOGY-PUSH AND MARKET-PULL FRAMEWORK
The research began with the aforementioned systematic review. This review highlighted a need for a contemporary integrated technology-push and market-pull model. A mixedmethods research approach was adopted for this study, harnessing the diverse range of research approaches, and providing a more holistic view of the area under investigation. The research process is outlined in Fig. 1 , and the methods of data collection and its analysis steps are provided in Table I .
In this research, a portfolio of MNT-based R&D projects, that involve partners in the European Commission FP6 funded 4M Network of Excellence, was used for the survey data collection.
To have access to a rich and validated knowledge repository, this portfolio is comprised of 88 R&D projects spread over 17 different European Union member states focusing on MNT research. The projects involve consortia of industry and R&D partners that are specialists in their fields and have agreed a joint R&D program. This research has been useful for all parties, in terms of identifying new research activities and specific development projects, either as a reaction to a new capability emerging, as a fine-tuning of existing processes and capabilities to solve a particular problem presented by current process limitations, or as a requirement of operations which may occur later in a given process chain. It also highlights those technologies which will benefit from industry-led testing and implementation to take a product or process to market.
After proposing an integrated technology-push and marketpull framework, we ran a Workshop, comprising a range of eminent academics and senior professionals from research institutes and industry. The 30 participants comprised the 17-strong 4M Executive Board and experts from the 4M partners. The work- shop participants were split into three groups. The first group focused on identifying maturity indicators for projects that target the development of manufacturing technologies. The second group was asked to focus on projects targeting the development of applications. The third group was dedicated to projects aiming at developing both technologies and applications at the same time. A Delphi study was conducted in the second half of the workshop to identify the key indicators that were then used to develop a self-administered on-line survey questionnaire, as the sample size was relatively large and geographically dispersed.
Many sources of the literature [39] , [40] were consulted for questionnaire best practice and all of the sources describe how to extract the maximum available information in the optimum time and space. Following several test-runs, which resulted in two rounds of modifications and improvements, the questionnaire was launched online. Participants were asked to specify which MNT was relevant to the project considered. Projects would typically focus on overcoming limitations of a given MNT, to improve and broaden its capabilities, or, more likely, to develop a product incorporating micro-and nanofeatures and only utilize one or a set of micro-and MNT to produce different components of the developed product. This was particularly important when considering that the project team intended to continue this work in a more industrial context, with those institutes operating in the MNT environment, or with companies utilizing technologies leading toward MNT adoption. Follow-up semistructured faceto-face interviews were conducted with the actors in the MNT value chain.
A literature analysis was built on the initial conceptions, leading to the research gaps, and requirement for an integrated technology-push and market-pull framework. The use of varied and complementary research approaches enabled us to triangulate data and develop the framework for emerging technologies, such as MNT, as shown in Fig. 2 . There is a tendency to treat the concepts of technology-push and market-pull as two extreme elements, with new technologies on one side and market demands on the other. Such a model is useful to discuss part of the life cycle of most technologies; however, having researched the area of MNT, from a range of academic perspectives (e.g., engineering and business), we believe this is too simplistic. The proposed integrated technology-push and market-pull framework is being developed to represent the links between emerging micro-and MNT and market demand.
When considering emerging technologies such as MNT, it would appear that a clear difference needs to be made between what are described as "component technologies" and "manufacturing technologies." "Component technology" can be an end-product which can be integrated into new innovative endproducts, whereas "MNT" enables the development of new component technologies. This model introduces the idea that manufacturing technologies often do not have a direct link with market demand, particularly in the case of research institutions or university departments. It proposes that between them lies an intermediary body, acting as co-ordinator for the complex design issues inherent, when developing such emerging technologies.
It is implied that the role of this intermediary is to match market opportunities/needs with manufacturing capabilities. While traditionally, this role is taken either by technology providers, e.g., academic institutions or technology companies that supply technological expertise and prototypes, or end-product producer that address environments where speed of innovation determines the success of a company. Nowadays, universities actively seek to foster interactions and spillovers, so as to link research with application and commercialization. As a result, the processes of creation, acquisition, diffusion, and deployment of knowledge are at the core of the university's functions [41] . This intermediary can in fact take a number of other forms, for example, business incubators (they provide an infrastructure to enable early stage ventures to establish their business), science parks (value-adding by creating synergetic effects through technology-specific cluster building, via shared knowledge, thereby fostering the direction of technology development), technology transfer offices (value-adding based on direct commercialization of IP objects), technology brokers, and consulting companies.
Many firms experience great difficulty in capturing value from open innovation, using intermediary services. In contrast, a few firms, such as Procter & Gamble, achieve substantial benefits from collaborating with several intermediaries [42] . This study suggests that these differences are strongly affected by the firms' level of collaboration with intermediaries and the technology under development. This is emphasized in the integrated framework in Fig. 2 . In a number of cases, EU funding bodies and numerous governments have deemed the problem to be of such importance that they have intervened with funding programs and/or interventions.
IV. FINDINGS

A. Network of Research Organizations
The importance of intermediaries has grown in recent years because manufacturing firms have increasingly attempted to acquire and transfer technology. Despite the growing importance of innovation intermediaries, prior academic research into this field is relatively limited [43] - [45] . In addition, prior work on the technology transfer activities of manufacturing firms has hardly examined the role of intermediaries [46] . On this basis, the paper attempts to deepen our understanding of the role of intermediaries in crossing the VOD and to examine the value chain of manufacturing firms and intermediaries in the context of MNT. We also show how actors actively collaborate with intermediaries in capturing and extracting value, by opening up their innovation processes.
A good example of the network of research organizations is the 4M network, which seeks to integrate fragmented European R&D capacity, in nonsilicon microtechnologies, into a European Centre of Excellence. It is designed to help European companies engage with the growing demand for micro-and nanotechnology, by supporting their development of batch-manufacture of microcomponents and devices in a range of materials. The 4M network acts as an intermediary, as defined in Fig. 2 . It should be noted that the vast majority of the partners were research institutions. Due to the complexity of the manufacturing processes considered, and the fact that these institutions are recognized as leaders in their respective fields in Europe, we believe that their involvement in the technology-push and market-pull balance should be representative. Of 88 European projects, 81 research projects gave sufficient budget information on both total budget, building up to a total budget of 242 million Euros, and industrial contribution, to allow us to draw an interesting picture of the types of "intermediary" stimulating MNT's R&D in Europe. Five types of such "intermediary" were identified, namely the industry, the R&D institutions (institutional), regional funding bodies, national funding bodies, and European funding bodies (EU). Fig. 3 shows the distribution of projects per intermediary, the biggest contributor appears to be national funders, followed by the EU funders. However, looking at the budget distribution per intermediary (see Fig. 4) , the EU appears to be the most significant funder followed by national funders, leaving other types almost negligible. The total industry-led budget is less than 1% (see Fig. 4 ), and the industry contribution appears significant only within public-led budgets (see Fig. 6 ).
More specifically, as illustrated in Figs. 5 and 6, it is important to distinguish between the projects that focused on the development of new products only (without research in manufacturing processes), the projects that focused on the development of new manufacturing processes (without focusing specific product), and those that focused on both. With this in mind, at almost 34 million Euros the industry contribution to this portfolio of research projects reaches 14%. As shown in Fig. 6 , 59% of contribution was for research projects focusing on both the development of new products and new manufacturing processes; 30% was for projects focusing on the development of novel manufacturing processes; and only 11% was for projects focusing on the development of new functional products. This could be interpreted as an interesting direct market-pull dynamic, where new manufacturing technologies are developed concurrently with the design of new products (59%).
The industry contribution mentioned above was mostly part of a wider funding scheme organized by another so-called intermediary, generally the EU, where 50-60% of industry contributions (see Fig. 6 ) and the total budgets (see Fig. 5 ) were dedicated to concurrent research for both process and product development.
These figures demonstrate that the development of these MNT benefits strongly from intermediaries bringing together manufacturing capabilities and marketable products. There are only a few industry-led projects, to which the surveyed institution took part, and this could be explained by the high risk, linked with the use of emerging MNT and because an intermediary helps in minimizing said risk.
The interesting finding is that, generally, research budgets in "processes research" are higher than in "product research," which is to be expected, for research institutions. However, looking at the industry contribution, this is still strongly the case for EU-funded projects, with 2% contribution for products research and 37% for processes research, but is totally the opposite for nationally funded projects, with 3% contribution for "processes research" and 37% for "products research" (see Fig. 6 ). This might reflect different funding priorities, depending on the intermediary.
These different types of intermediary services strongly affect the issue of how manufacturing firms may successfully collaborate with the intermediaries. Based on the multiple types, many manufacturing firms are now willing to pursue technology transfer more actively. The role of intermediaries (e.g., business incubator, technology broker) thus has a significant impact on the success of manufacturing firms. This study provides an example on how the role of intermediaries improves the production and commercialization speed, as well as the quality of the endproduct. The studied company, based in Oxford, U.K., is a global provider of laser processing equipment and manufacturing services for the fiber optic and micromachining markets. They have an impressive track record of developing new and novel laser processes, on the micro-and nanoscale, and of transitioning these into robust and cost effective production-line solutions in microelectronics, photonics, and precision engineering. The intermediaries help accelerate the speed with which product design ideas can be assessed, and/or parts modified, using lasers. The use of laser-based micro-and nanomanufacturing allows the high-volume stage to be reached quicker and allows the client to choose the right time to commit to the full production stage.
The company can be considered a niche manufacturer, due to its high-end products requiring in-depth technical expertise, along with an expensive unit cost, and it attaches more importance to quality and customer satisfaction, because they see it as giving them a competitive edge. Trust and close relationship building with customers are one of the driving forces of the company's performance. The senior management works closely with intermediaries and customers as part of the day-to-day running of the business. It is worth noting that laser micro-and nanomachining and/or processing are becoming important in product development plans across industries.
B. Government Interventions
The purpose of analyzing government interventions, based on interview data analyses, is to highlight the role of intermediaries in the MNT sector. In the US, MNT is recognized as a critical technology for the 21st century and considered to be at the early stage of exploitation. Both federal and local government funding, via intermediary bodies, support interdisciplinary research teams, including long-term fundamental science and engineering research for translation into useful applications. The intermediaries have channeled the research funds into the creation of academic centers of excellence, rather than university-industry collaborations. R&D infrastructure including a nationwide network of shared-use facilities called the national nanotechnology infrastructure network (NNIN) was also established for transforming MNT research into useful applications. Outside the NNIN, various public and private funding agencies, as intermediaries, are also involved. These intermediary organizations, which sit between businesses and the university sector, perform many functions, including foresight and diagnostic analysis, various kinds of accreditation, validation, and regulation, and finally, activities connected more directly with the commercialization process in the MNT sector.
In Japan, the focus is on involvement of both the public and the private sector, as opposed to the US where industry makes most of the decisions in the later stages of the innovation process. Government organizations and very large corporations are the main source of funding for MNT, while small and medium-sized companies play a minor role. The role of intermediaries in the Japanese MNT system was strengthened through the recent science and technology basic plan initiated by government, bridging public and private research and knowledge transfer. Internal intermediaries, for example, technology licensing offices have proliferated in Japan, after the Bayh-Dole act (1980) granted US universities the right to appropriate and commercially exploit knowledge generated by, or jointly with, academic departments. After conducting a series of 25 face-to-face interviews with the actors both in public and private sectors, some suggestions have been made. For example, government needs to make continuous investment in research, in a competitive manner, among research groups in MNT, to maintain their country's competitiveness. To overcome the barriers between early technology breakthroughs and products in the MNT sector, continuous government funding and its proper utilization could make the difference between shelf technology and a commercial success.
On the other hand, the U.K. government drew up plans to address the technology gap in the U.K. market for MNT, and an intervention and innovation program followed [35] , creating a regionally dispersed network of MNT facilities. This network was created to provide U.K. businesses with access to the latest range of MNT services and capabilities within key sectors; an example of a mechanism by which a public body has attempted to fill the void between technologies and application, and therefore this fits in the "intermediary" box of Fig. 2 . We have collected data from 28 key stakeholders from the intervention network. Stakeholders ranged from the "architect" of the centers, through to regional development technology managers, MNT center CEOs/Directors, and the government auditors of the program. Overall, interviewees consider that government intervention has been favorable, with a few exceptions. Examples were given where products could not have developed without access to these MNT centers; one particular example saw the development of a microfluidic device used in a piece of analysis equipment for the pharmaceutical sector. However, conditions placed on the MNT centers from the administered grants meant that the ability of some centers to bridge the commercialization gap from technology-push to technology application was difficult. A number of interviewees, with vast experience of developing new technologies, talked of time periods ranging from at least seven years and upwards from idea to end-product. Partly, this depends upon the level of initial risk, or "newness" the technology exhibits, i.e., more developed technologies are likely to be applied far quicker, whereas truly "emerging" technologies are likely to need a long period of funding and development. The need for intermediaries to consider realistic developmental time-scales must also be considered, to meet the balance between technology-push and market-pull. The complexity of the intermediary in meeting the customers need emerged as an important theme. A number of centers described the situation where customers often do not understand what they need; or the difficulties of communicating what can be achieved with an emerging technology such as MNT, and what is required. This is a reflection of the complexity of developing emerging MNT.
C. Crossing the Valley of Death
In the survey, MNT research projects were classified under six nonexclusive design and manufacturing R&D categories, namely; 1) new product; 2) new MNT; 3) new manufacturing process chain; 4) improved product; 5) improved MNT; and 6) development of improved manufacturing process chain. Fig. 7 shows the number of surveyed projects falling under each of these six categories. It is interesting to note from the survey data analysis that the majority of these projects are focused on new developments, rather than on improvements, which stresses the innovative "content" of the field. The findings show that 62.5% of these projects were focusing on new or improved products based on micromanufacturing technologies. The remaining 37.5% were focusing only on developing the capabilities of the manufacturing technologies themselves. This survey result shows the expected product innovation potential, but 41% of the projects were both focusing on product and technology development, while for only 21.6% of the projects were the manufacturing technologies considered mature enough to produce the products. Thus, these product concepts appear to mainly sit at the early stages in the innovation process, where the VOD generally appears. While more than 60% of the projects involved industrial partners contributing to around 14% of the total funding as stated in Section IV-A, the actual total amount in the privately led budgets was relatively low when compared with the publicly led budgets. For an unbiased analysis, more information on privately funded projects would be required; however, these figures suggest that many product innovations based on MNT are still relying on public funding to escape from the VOD. The reason for this is, most probably, the high risk involved when integrating into product functions requiring multidisciplinary micromanufacturing expertise, and the development or improvement of micromanufacturing technologies.
Thus, it seems that MNTs are still not fully integrated in the market-pull and technology-push dynamic. The existence of the VOD in MNT development is confirmed in our survey, suggesting that the intermediary role is crucial to escape from this VOD, turning the technologies to their full innovative potential. This supports our proposition of including the intermediary role in the technology-push and market-pull dynamic.
D. Innovation Value Chain in the Context of MNT
As illustrated in Fig. 2 , the integrated technology-push and market-pull model suggests that innovations in MNT are complex and necessitate different players performing different functions, at the market demand end, the advancement of technologies at the other end, and the intermediary functions between those two ends. A more formal framework that is relevant in analyzing such complex and multidisciplinary innovation processes in MNT is the so called "innovation value network." Adner and Kapoor [48] define a value network as the collaborative arrangements through which firms or organizations combine their individual offerings into a coherent, customer-facing solution. The value network concept offers a comprehensive view of understanding how the innovation processes in MNT can, and should, be broken down into different inter-related and interdependent processes, and what values the different players could offer without which successful MNT adoptions could never be realized.
In the case of MNT, as confirmed by the results of our interviews and survey, new manufacturing technologies, or new market opportunities, that have emerged quite often, only send weak and ambiguous signals to the other end. This is particularly true when the expected successful innovation needs to overcome many complex design issues. Using the value chain concept, we argue that the intermediary roles carried out by actors, who belong to the middle box, are crucial in turning opportunities, emerging either from a new technology or market demand, into a successful innovation.
An example of a value network in the context of MNT is used to support our argument on the importance of the intermediary role in the technology-push and market-pull model. The example is based on SEMOFS, a project funded by the European Commission through the sixth framework program for research and technological development involving five research partners, two industrial partners and an end-user (hospital). Motivated by the general trend toward more decentralized and immediate diagnostics for health, the project's main aim is to develop a next generation of polymer-based label-free biosensors through the combination of innovative plasmonics, integrated optics (light source, detection), and microfluidics. This will be a significant breakthrough, since all functions will be totally integrated on a single polymer-based chip. When reaching mass production capability, the chip will be extremely low cost and disposable, while providing increased sensitivity and diagnosis possibilities.
The project can be seen as an innovation value chain of many interconnected pieces and players. Fig. 8 shows the value chain representation of the project. The main contributing role and the associated partners as follows.
1) Plasmonics enhance the surface-plasmon resonance sensor, enabling label-free optical detection system. 2) Active micro-optics fully integrate active and passive optical components. 3) Functionalization accommodate biotechnological functionalization of a sensor surface through the creation of a chemical interface between the sensor surface and the antibody. 4) Active microfluidics produce biocompatible microfluidics with integrated fluidic actuators. 5) Integration integrate all the functions onto a polymer chip. 6) Industrial applications. 7) Proof of concept. 8) Main funder and facilitator: European Commission. While Fig. 8 depicts the project as an innovation value network, the actual interdependent relationships between different partners are much more complex, which suggests that many issues exist in trying to optimally match the market demand requirements (medical application) with the technological capabilities available within the research centers. This example shows that such a promising innovation is only made possible by the intervention and facilitation carried out by the European Commission, which highlights the importance of the intermediary in the innovation processes, as we proposed in the framework. This supports our proposition that the innovation model, taking into account the dichotomy of push and pullfactors, is too simplistic and incomplete. The concept of an innovation value network is also relevant to revitalize the important roles that small firms can play in realizing successful MNT adoption.
V. DISCUSSION AND CONCLUSION
There is a great deal of research on MNT innovation. However, there has not been any comprehensive theory developed on how to conceptualize technology-push and market-pull on an abstract level, combining the various research results. This paper attempts to address this gap, and can be used as a benchmark for micro-and nanotechnology practitioners and policy makers. In this paper, some important issues related to the understanding of the current implementation behavior of MNT were discussed. The need for a pragmatic, integrated technology-push and market-pull model was highlighted, in order to better represent the links between emerging MNT and market demand. While the market potential is clear, due to the emerging nature of innovations, they tend to be highly driven by R&D organizations, rather than by industry. The model proposes that an intermediary body lies between these two extremes, to act as a co-ordinator: matching opportunities and needs with manufacturing capabilities. Traditionally, this role is taken either by a technology provider or an end-product producer. However, other important intermediaries exist-such as publicly funded programs, business incubators, technology transfer offices, technology brokers-as discussed in this paper.
An interesting finding is that research budgets in "process research" are higher than in "product research," which is to be expected for research institutions. If we looked for industrial contribution, this is true for the EU-funded project, but the opposite for nationally funded projects. This might reflect different funding priorities of intermediaries. It is worth consulting the study by Linton and Walsh [49] who suggest that process-based innovations, such as MNT, require a new innovation model from the models developed based on assembled products. For process-based products, product and process innovation are tightly coupled, i.e., a change in the manufacturing process is expected to result in a significant change in the product, which highlights the increasing importance of coordination between "process-research" and "product research." The survey results in this paper, with two totally different profiles between EU-funded and nationally funded projects, may raise a question as to what extent coordination between funding bodies has taken place, to ensure that the benefit of the research investment is maximized.
The paper has shown that new manufacturing technologies, for example, new component technologies with increased functionality, do not have a direct link with market demand and need an intermediary body for new product development and commercialization. It is implied that the role of this intermediary is to match market opportunities/needs with manufacturing capabilities. In recent years, such an intermediary-the Fraunhofer Institute in Germany-has supported both technology-push and market-pull, by undertaking contract research for MNT for the public sector, government, and industry, including small and medium-sized enterprises (SMEs), which lack the critical mass to carry out their own R&D. They have acted as an adviser to government and industry on research-related issues, particularly on the commercialization of emerging or new technologies and have directed pinpoint areas of activity meant to facilitate innovation and the quick translation of ideas into high-quality products. In order to maximize their potential as an intermediary body, they have formed cooperative alliances that jointly offer their services as well as advising executive boards on structural and business development within their emerging research fields. As a result, they were able to continuously transfer technologies and expertise into industry. To promote the transfer of research into industrial applications, they established: application centers, innovation centers, and demonstration centers. However, the complexity of meeting customers' needs emerged, as highlighted in the U.K. case.
We have also demonstrated that our view on the complexity of the MNT innovation processes and the importance of the intermediary role is well supported by the formal concept of a value network. The complete overview of SEMOFS case, of the value chain of research and technology transfer processes, highlights the importance of an integrated framework and intermediaries in which multidisciplinary groups and organizations work together. The value chain really highlights the importance of systematic thinking; the MNT successful innovations would require collaboration between different players at the market demand end, the advancement of technologies at the other end, and the intermediary functions between those two ends. Through the example case of a European Commission funded project, we have demonstrated the existence and the significance of such a network. This paper has sought to contribute to the analysis on how intermediaries facilitate the interaction between various actors involved in the process of technology diffusion, to crossing the VOD in the context of MNT, an issue that has gone largely unaddressed in the literature. What is required is closer and more regular collaboration between actors, in order to achieve commercial success in emerging technology, and a significant freedom to interact with intermediaries is highly recommended, in line with Juanola-Feliu et al. [8] . Although this analysis is undertaken in the MNT sector, it is believed that the presence of technology integration and the relationship between the role of intermediaries and the VOD are relevant to other, sciencedriven high-technology industries, such as the emerging field of nanotechnology.
As our suggestion for further research, it would be worth mapping different players that belong to each of the three elements of the integrated push-pull model and identifying the extant interrelationships between them. The result of this process will help technology policy makers prioritize the type of research projects and/or research organizations that should be funded. Furthermore, this mapping process will also help identify whether sustainable value networks have been created. In relation to this, for example, the responses obtained from our survey suggest that 72% of project consortia agree that their work is a part of the value network, particularly in the development of new products. However, there is insufficient information from that study to assess the success rates of those projects and to conclude which aspects in the network have contributed to the successes and which obstacles have contributed to the failures. As suggested by Adner and Kapoor [48] , it is important to identify whether primary obstacles lie upstream or downstream of the intermediary element. Upstream obstacles act as barriers to production, and in contrast, downstream obstacles act as barriers to adoption. The policy makers can continuously play their strategic roles, serving as catalysts for overcoming such obstacles. Further work would include additional survey data, from privately funded projects, to further validate the integrated framework presented in this paper. 
Nazrul
